Pgp is functional on the plasma membrane and lysosomal membrane. Lysosomal-Pgp can pump substrates into the organelle, thereby trapping certain chemotherapeutics (e.g. doxorubicin; DOX). This mechanism serves as a "safe house" to protect cells against cytotoxic drugs. Interestingly, in contrast to DOX, lysosomal sequestration of the novel anti-tumor agent and P-glycoprotein (Pgp) substrate, di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT), induces lysosomal membrane permeabilization. This mechanism of lysosomal-Pgp utilization enhances cytotoxicity to multidrug-resistant cells. Consequently, Dp44mT has greater anti-tumor activity in drug-resistant relative to non-Pgp-expressing tumors. Interestingly, stressors in the tumor microenvironment trigger endocytosis for cell signaling to assist cell survival. Hence, this investigation examined how glucose variation-induced stress regulated early endosome and lysosome formation via endocytosis of the plasma membrane. Furthermore, the impact of glucose variation-induced stress on resistance to DOX was compared with Dp44mT and its structurally related analogue, di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC). These studies showed that glucose variation-induced stress-stimulated formation of early endosomes and lysosomes. In fact, through the process of fluid-phase endocytosis, Pgp was redistributed from the plasma membrane to the lysosomal membrane via early endosome formation. This lysosomal-Pgp actively transported the Pgp substrate, DOX, into the lysosome where it became trapped as a result of protonation at pH 5. Due to increased lysosomal DOX trapping, Pgp-expressing cells became more resistant to DOX. In contrast, cytotoxicity of Dp44mT and DpC was potentiated due to more lysosomes containing functional Pgp under glucose-induced stress. These thiosemicarbazones increased lysosomal membrane permeabilization and cell death. This mechanism has critical implications for drug-targeting in multidrug-resistant tumors where a stressful micro-environment exists.
Multidrug resistance (MDR) 5 is the principal cause of cancer cell resistance to chemotherapeutic drug treatment (1, 2) . The most characterized mechanism of MDR involves increased drug efflux through the up-regulation of trans-membrane pumps (3) . These transporters actively transport chemotherapeutic drugs out of the cell, resulting in a drug-resistant phenotype (4) . Notably, P-glycoprotein (Pgp) is the most consistently overexpressed and the most studied ATP binding cassette (ABC) transporter protein involved in the development of MDR cancers (5, 6) .
It has been demonstrated that Pgp not only functions to efflux drugs out of the cell when present on the plasma membrane but also serves a functional intracellular role in the lysosomal membrane to induce resistance (7) . In this case, lysosomal membrane Pgp transports substrates into the organelle, which then acts as a "safe house" to prevent cytotoxic chemotherapeutics, such as doxorubicin (DOX; Fig. 1Ai ), reaching their intracellular targets, e.g. the nucleus (7) . Due to the ionization properties of DOX, the agent becomes trapped in this organelle as a result of its protonation at lysosomal pH (i.e. pH 5) (7) .
Interestingly, there have been reports of several drugs that are more effective against MDR cells than their drug-sensitive counterparts (8 -11) . One such agent, namely the thiosemicarbazone, di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT; Fig. 1Aii ), a Pgp substrate, has been shown to utilize Pgp on the lysosomal membrane to increase its transport and accumulation in this organelle, resulting in enhanced cytotoxicity (12) . In contrast to other Pgp substrates, such as DOX, Dp44mT is transported by Pgp into the lysosome and, instead of being safely stored, potently reacts with copper to generate reactive oxygen species (ROS) that, in turn, cause lysosomal membrane permeabilization (LMP) and apoptosis (12) (13) (14) .
Hence, in the case of Dp44mT, cells overexpressing Pgp, i.e. MDR cells, become more sensitive to its cytotoxic activity, leading to the ability of this agent to overcome resistance (12) . Furthermore, Dp44mT and the structurally similar thiosemicarbazone, di-2-pyridylketone 4-cyclohexyl-4-methyl-3thiosemicarbazone (DpC; Fig. 1Aiii ), have demonstrated marked anti-tumor and anti-metastatic activity in vitro and in vivo (15) (16) (17) (18) (19) (20) . Notably, DpC is expected to enter clinical trials by the end of 2016.
Recent studies have demonstrated that tumor cell stress stimuli, such as glucose starvation, increase the expression of plasma membrane Pgp through both mitochondrial electron transport chain-derived and NADPH oxidase-4 (NOX4)-induced oxidative signaling (21) . Significantly, it has also been shown that redox-related stress can lead to increased receptormediated endocytosis for initiation of signaling pathways (22) . In fact, endocytosis is a major physiological routing pathway that is known to facilitate the internalization of multiple membrane-bound proteins e.g. receptor-tyrosine kinases, transferrin receptors, and growth factor receptors, into endosomes and lysosomes (23) (24) (25) (26) . For example, stress-induced heat shock protein 70 has been linked to increased endocytosis of the plasma membrane in order to accelerate uptake of proteins through internalization of their ligandreceptor complex, such as the transferrin-transferrin receptor 1 complex (27) . Hence, endocytosis is important to consider as a mediator of protein redistribution from the cell surface to intracellular organelles that occurs as a protective response under stress stimuli.
Understanding the effects of stress on processes such as endocytosis-induced drug resistance is important as tumor cells exist in a stressful micro-environment, where vital nutrients, such as glucose and oxygen, are under considerable flux leading to stress and cell death (28 -30) . As a consequence of these stress stimuli, cancer cells are constantly adapting their metabolism to the tumor micro-environment (31) .
Herein, we report for the first time that glucose variationinduced stress, due to high or low levels of this nutrient, can cause Pgp redistribution from the plasma membrane to the lysosome. This event results in increased formation of lysosomes with active membrane-bound Pgp that can sequester drug substrates to regulate intracellular drug resistance. Indeed, glucose-induced stress imparted via low or high glucose levels was found to increase the number of lysosomes by a process consistent with fluid-phase endocytosis of the plasma membrane. It was established that these newly formed lysosomes had active Pgp that pumped cytosolic substrates into the organelle. This led to decreased cellular cytotoxicity of DOX due to safe house storage of this drug within the lysosome. In contrast, this mechanism potentiates the activity of redox active thiosemicarbazones through LMP in Pgp-expressing cells via the ability of these latter agents to utilize Pgp for lysosomal sequestration. Therefore, translocation of Pgp to the lysosome in the stressful tumor micro-environment is an important consideration for cancer treatment and in particular for new cytotoxic drugs targeting the lysosomal compartment.
Materials and Methods
Cell Treatments-All cell lines were routinely maintained in DMEM ([D-glucose] ϭ 25 mM; herein referred to as "normal glucose"; Life Technologies) (21) . At the time of treatment, media were replaced with glucose-free DMEM (-D-glucose, 0 mM; herein referred to as "low glucose"; Life Technologies) or this medium supplemented with D-glucose (final [glucose] ϭ 50 mM; herein referred to as "high glucose"; Life Technologies). Medium for growing KBV1 cells was supplemented with vinblastine (1 g/ml) for maintenance of a full MDR-phenotype (32) .
Preliminary studies demonstrated that due to the fact that the cells used in this study were routinely cultured using standard growth medium containing glucose at 25 mM, they had become adapted to these conditions. Indeed, the higher and lower concentrations of glucose implemented (i.e. 50 mM and 0 mM, respectively) were essential in order to observe the glucose-induced stress response. Hence, this culture model simulates the relative hypo-and hyperglycemic conditions experienced in vivo. Studies were also performed in an attempt to adapt the cells to lower glucose concentrations (Ͻ20 mM) by prolonged incubations at these levels. However, these experiments were unsuccessful and led to a significant decrease in cellular viability (not shown).
Proliferation Assay-Cellular proliferation was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays, which were validated by viable cell counts using standard procedures (33) . Cells were treated with glucose (0, 25, or 50 mM) for 2 h at 37°C before and for the duration of the experiment. Cells were incubated with serial dilutions of DOX for 72 h at 37°C or thiosemicarbazones (i.e. Dp44mT or DpC) for 24 h at 37°C. Studies were performed in the presence or absence of the Pgp inhibitor, Elacridar (Ela; 0.2 M), which was added 30 min before the drug treatments and was present for the duration of the experiment.
Protein Extraction and Western Blotting-Membrane and whole cell protein extractions as well as Western blotting were performed using standard procedures (34) . Membranes were probed using mouse anti-Pgp (catalog #P7965, 1:5000, Sigma), mouse anti-HIF-1␣ (catalog #610958; 1:400, BD Biosciences), rabbit anti-EEA1 (catalog #ab2900; 1:1000, Abcam, Cambridge, UK), or rabbit anti-lysosomal-associated membrane protein 2 (LAMP2; catalog #ab37024; 1:1000, Abcam). Incubations were performed overnight at 4°C followed by an appropriate secondary antibody (horseradish peroxidase-conjugated goat antimouse (catalog #A4416, 1:10,000, Sigma) or goat anti-rabbit (catalog #A6154, 1:10,000) from Sigma) for 1 h at room temperature. Mouse anti-␤-actin (catalog #A5441; 1:5000, Sigma) was used as a protein-loading control.
Preparation of Fe-125 I-transferrin-Human apotransferrin (Sigma) was labeled with iron nitrilotriacetate in the presence of excess bicarbonate to produce holotransferrin (35) . Holotransferrin was then covalently labeled with 125 I (Na 125 I, catalog #NEZ033A; PerkinElmer Life Sciences) by the iodine monochloride method, as previously described (36, 37) .
Uptake of 125 I-Transferrin-To measure the uptake of transferrin by KBV1 cells, cells were treated for 2 h with 0, 25, or 50 mM glucose in DMEM media. This was then replaced with new media of the same respective glucose concentration, with the radiolabel added. At the end of the radiolabel incubation time points, the plates were placed on ice, the medium aspirated, and the cells washed four times with ice-cold PBS. The amount of radioactivity internalized by the cells was assessed with a gamma counter after incubation of cells with Pronase (1 mg/ml; Sigma) for 30 min at 4°C to separate membrane-bound and internalized 125 I-transferrin (35, 36) .
Immunofluorescence of Dextran and Transferrin Uptake-Cells were co-incubated for 2 h with Alex Fluor 488-holotransferrin (catalog #T-13342, 25 M, Life Technologies) or Alex Fluor 488-Dextran (catalog #D22910, 10 M, Life Technologies) and the glucose treatment (0, 25, or 50 mM). At the end of the incubation, cells were washed twice with ice-cold PBS followed by fixation with paraformaldehyde. Pro-gold antifade DAPI (Life Technologies) was used to mount coverslips. Images were captured with a Plan-APOCHROMT 63ϫ/0.4 oil differential interference contrast objective using a fluorescence microscope equipped with an AxioCam camera (Zeiss, Oberkochen, Germany) using green (495-nm excitation/ 516-nm emission) and red (577-nm excitation/592-nm emission) fluorescence. The DAPI-stained nucleus was captured using blue (358-nm excitation/461-nm emission) fluorescence.
Immunofluorescence for Co-localization-Immunofluorescence was performed using a 16-h/4°C incubation with anti-EEA1 (catalog #ab2900, 1:100, Abcam), anti-LAMP2 (catalog #ab37024, 1:100, Abcam), anti-cathepsin D (catalog #ab6313, 1:500, Abcam), FITC-conjugated Pgp antibody (catalog #557002, 1:5, BD Biosciences), and/or with DOX (catalog #09040050, 100 M, Pfizer) followed by an incubation of 16 h at 4°C with an Alexa Fluor 594-or Alexa Fluor 488-conjugated secondary antibody (catalog #11012/11008, 1:1000, Life Technologies). Notably, DOX is inherently fluorescent and as such does not require detection using a secondary antibody (7) . Progold anti-fade DAPI was used to mount coverslips (Life Technologies). Z-stack images were captured with a 63ϫ objective using a fluorescence microscope equipped with an AxioCam camera (Zeiss) or a Zeiss LSM 510 Meta confocal microscope using green (488-nm excitation/516-nm emission) and red (577-nm excitation/592-nm emission) fluorescence. The DAPIstained nucleus was captured using blue (405-nm excitation/ 461-nm emission) fluorescence. Deconvolution analysis was performed on z-stacked images to allow for Manders co-localization analysis (n Ͼ 4) (38) .
Live Cell Fluorescence Imaging-The lysosomal stain, Lyso-Tracker Green (Life Technologies), was used to determine if DOX localizes to lysosomes. Cells were incubated with glucose treatments for 2 h at 37°C. For the final 40 min, DOX (100 M), LysoTracker Green (75 nM), and Hoechst 33342 nuclear stain (10 M; BD Biosciences) were added. Cells were then washed three times with ice-cold PBS. Staining of the cells was detected using the microscope/software above with a LD Plan-NEOFLUAR 40ϫ/0.6 Ph2 Korr objective.
Assessment of Lysosomal Membrane Permeability-The lysosomotropic agent acridine orange (AO; Sigma) dye has a high specificity for lysosomes (39) and was used to determine LMP as previously reported (40, 41) . Notably, AO is well known to cross into the acidic compartment of intact lysosomes, becom-ing protonated to emit in the red fluorescence range (39) . Cells were treated with glucose (0, 25, or 50 mM) for 2 h at 37°C before and for the duration of the experiment. Cells were subsequently incubated with AO (2.5 g/ml) for 12 min at 37°C, then washed twice with media and incubated with Cu-[Dp44mT] (25 M) or Cu[DpC] (10 M) for 30 min at 37°C. Treatments were also performed in the presence or absence of the Pgp inhibitor, Ela (0.2 M), added for 30 min at 37°C before AO treatment and also during thiosemicarbazone treatment. Cells were then washed twice with media and visualized at 40ϫ for green (495-nm excitation/516-nm emission) and red (577-nm excitation/592-nm emission) fluorescence using a fluorescence microscope equipped with an AxioCam camera (Zeiss).
Flow Cytometry: Surface Pgp Detection-Cells were incubated with a FITC-conjugated mouse anti-Pgp antibody (catalog #557002, 1:5, BD Biosciences) for 30 min at 4°C (at 4°C endocytosis is inhibited; Refs. 35 and 36) and were then assessed using flow cytometry (FACSCanto TM II, BD Biosciences) at 488-nm excitation/530-nm emission. Data were collected from 10,000 cells/sample.
Flow Cytometry: Rh123 Accumulation Assay-Pgp functionality was assessed by measuring intracellular accumulation of the fluorescent Pgp substrate, rhodamine 123 (Rh123) (42) . Cells were incubated with Rh123 (10 M) for 30 min/37°C and analyzed by flow cytometry (FACSCanto TM II, BD Biosciences) at 510-nm excitation/595-nm emission. Data were collected from 10,000 cells/sample.
Data and Image Analysis-Results were expressed as mean Ϯ S.D., n Ն 3 experiments. Statistical analysis was performed using one-way analysis of variance. Data were considered statistically significant when p Ͻ 0.05. In all figures: * or # is p Ͻ 0.05, ** or ## is p Ͻ 0.01, and *** or ### is p Ͻ 0.001. Concentration-response curves were fitted in Prism 6.0 (Graphpad Software, San Diego, CA) to obtain IC 50 values. Fluorescence intensity and the Mander's overlap marker for image co-localization were measured using ImageJ 4.7v software (National Institutes of Health, Baltimore, MD). Analysis was performed on images taken where the gain and offset were established using the control conditions. These values were used as a constant for all images within an experiment. Only when an image reached saturation after a treatment was this value adjusted in all conditions. Flow cytometry data analysis was performed using FlowJo software (FlowJo LLC, Ashland, OR). Western blot densitometry was performed using ImageLab Software (Bio-Rad).
Results

Glucose Variation-induced Stress Increased the Expression of HIF-1␣ and Pgp in MDR Cells-Recently
we reported that glucose variation-induced stress, mediated by low or high levels of glucose, increases total tumor cell Pgp expression and thus, MDR (21) . Considering this, we hypothesized that increased Pgp expression could also result in an increase of this transporter in the lysosomal compartment that may contribute to lysosomal sequestration of cytotoxic chemotherapeutics and consequently MDR. This was important to elucidate considering that glucose variation-induced stress is evident within the tumor microenvironment (28 -30) and could lead to increased lysosome formation, potentially by enhanced endocytosis.
Hence, initial studies investigated the effect of glucose variation-induced stress on the expression of 1) HIF-1␣, which is a transcription factor that induces Pgp expression (21, 43, 44) and is up-regulated by glucose variation-induced stress (21) , 2) Pgp, and 3) classical markers of the endosome and lysosome, namely, early endosomal antigen 1 (EEA1) and LAMP2, respectively (45, 46) . Initial investigations were performed using human cervical carcinoma KBV1 cells (8, 32) , as they express readily detectable Pgp levels that are functionally active (7, 21) . For all experiments, to study glucose variation-induced stress, cells were exposed to: 1) glucose-deprivation (0 mM; herein referred to as low glucose), 2) the glucose concentration used in DMEM (from the manufacturer) to routinely culture cells (namely 25 mM; herein referred to as normal glucose), or 3) high glucose (50 mM) for 1-24 h at 37°C. Previous studies demonstrated that because these cells were routinely cultured with this standard growth medium using glucose at 25 mM, they had become adapted to these conditions (21) . Indeed, the higher and lower concentrations of glucose implemented were crucial in order to observe the glucose variation-induced stress response (21) . Hence, this cell culture model simulates the relative hypo-and hyper-glycemic conditions that occur within the dynamic tumor micro-environment (21) .
A time course of 1, 2, 4, 6, 8, and 24 h at 37°C was first assessed to examine the effect of low (0 mM), normal (25 mM), or high (50 mM) glucose concentrations on the protein levels of HIF-1␣ ( Fig. 1Bi ) and Pgp ( Fig. 1Bii ). Importantly, the cells tolerated all stress conditions, with Ͼ90% viability after a 24-h incubation (data not shown). Compared with normal glucose, HIF-1␣ expression was markedly and significantly (p Ͻ 0.01-0.05) increased after incubations of 4 -8 h with low glucose (Fig. 1Bi) , with peak HIF-1␣ levels occurring at 6 h ( Fig. 1Bi ). Similarly, relative to normal glucose, HIF-1␣ expression was significantly (p Ͻ 0.05) increased after a 4 -6-h incubation with high glucose, also peaking at 6 h ( Fig. 1Bi ). However, HIF-1␣ expression was no longer significantly (p Ͼ 0.05) higher compared with normal glucose after a 24-h incubation with high glucose (Fig. 1Bi ). It can be speculated that this overall response of HIF-1␣ expression to glucose levels could indicate there is a homeostatic feedback mechanism after 6 h. This feedback may occur in response to the affect of HIF-1 target genes that resolve the stress to subsequently suppress the initial stimulation via HIF-1␣. Relative to low and high glucose, HIF-1␣ expression after incubation with normal glucose also showed the same type of response as a function of time, but it was markedly less pronounced than that with low or high glucose ( Fig. 1Bi ).
Moreover, Pgp expression was significantly (p Ͻ 0.001-0.01) increased after an 8 -24-h incubation with low glucose, compared with normal glucose (Fig. 1Bii ). Similarly, Pgp expression was significantly (p Ͻ 0.001-0.01) elevated with high glucose treatment after incubations of 6 -24 h compared with normal glucose (Fig. 1Bii ). In comparison to low and high glucose, normal glucose (25 mM), showed only a slight (p Ͼ 0.05) stimulatory response after 24 h relative to the 0-h time point, but this effect was far less than that observed after low or high glucose levels ( Fig. 1Bii ).
Glucose Variation-induced Stress Increased Expression of Protein Markers of Early Endosomes and Lysosomes in MDR
Cells-As previous studies have shown that the presence of Pgp on the lysosomal membrane causes selective MDR cell-associated drug sensitivity to thiosemicarbazones (12), we next assessed the implications of glucose variation-induced stress on the expression of the formation of lysosomes via the well characterized endocytosis pathway (47, 48) . To initially study this, the changes in expression of EEA1 ( Fig. 1Ci ) and LAMP2 (Fig.  1Cii) were measured by Western blotting, as these proteins are well characterized markers of early endosomes and lysosomes, respectively (49, 50) . The expression of EEA1 was significantly (p Ͻ 0.001-0.05) increased after incubation with low (0 mM) glucose after 2-6 h, peaking between 2-4 h compared with normal glucose (25 mM; Fig. 1Ci ). After an 8 -24-h incubation with low glucose, the protein expression of EEA1 was no longer significantly (p Ͼ 0.05) different from the normal glucose. Similarly, after a high (50 mM) glucose treatment, a significant (p Ͻ 0.001-0.05) increase in EEA1 was observed between 2 and 6 h compared with normal glucose (Fig. 1Ci ). At 8 -24 h, EEA1 expression induced by high glucose was no longer significantly (p Ͼ 0.05) greater than normal glucose ( Fig. 1Ci ). When compared with low and high glucose, normal glucose demonstrated only a minor (p Ͼ 0.05) stimulatory response between 2-4 h relative to the 0-h time point, which was far less than that observed after low or high glucose levels ( Fig. 1Ci ).
Expression of the lysosomal marker (LAMP2) was significantly (p Ͻ 0.001-0.05) increased at 2-24 h after an incubation with low and high glucose media compared with normal glucose ( Fig. 1Cii ). On the other hand, cells that were treated with normal glucose demonstrated only a minor (p Ͼ 0.05) increase in LAMP2 expression between 8 and 24 h relative to the 0-h time point. This latter response was far less than that observed after low and high glucose levels ( Fig. 1Cii ).
It is notable that the kinetics of EEA1 and LAMP2 expression in response to 0 or 50 mM glucose are markedly different (cf. Fig.  1C , i and ii), which may reflect the turnover (i.e. half-life) of these proteins and the response to the initial stimulus. Indeed, like the response of HIF-1␣ to glucose variation-induced stress ( Fig. 1Bi ), the effect on EEA1 levels ( Fig. 1Ci ) appears as a transient response to this stimulus that then recovers after 8 -24 h. In contrast, the response of LAMP2 ( Fig. 1Cii ) to the alteration in glucose levels appears more similar to Pgp (Fig. 1Bii) , with the elevated expression remaining high for the entire incubation of 24 h. Considering this, it is known that early endosomes cycle rapidly and have a short half-life, whereas the lysosome is a much longer lived organelle (51) (52) (53) .
Collectively, these results indicate that low (0 mM) and high (50 mM) glucose treatments induce significantly increased expression of protein markers of early endosomes and lysosomes. This occurred before significantly increased Pgp expression possibly via the HIF-1␣ pathway that is known to target and up-regulate Pgp under these same conditions of glucoseinduced stress (21) .
Glucose Variation-induced Stress Decreased Cell Surface Pgp Expression and Function after 2 h but Increased Cell Surface Pgp and Function after 24 h-Interestingly, flow cytometry demonstrated that after a 2-h incubation, the low (0 mM) and high (50 mM) glucose treatments significantly (p Ͻ 0.001) lowered surface Pgp expression compared with normal glucose (25 mM; Fig.  1D ). This observation of altered subcellular distribution of Pgp was notable considering that no significant (p Ͼ 0.05) change in total cellular Pgp protein levels was observed after a 2-h incubation using Western blotting under these glucose conditions (Fig. 1Bii ). This finding could suggest that surface Pgp had been internalized within the cell, leading to a decrease in plasma membrane Pgp levels. Such alterations in distribution are known to occur via a process of endocytosis for this protein and others (23) (24) (25) (26) . In contrast, after a 24-h incubation, the low and high glucose treatments led to significantly (p Ͻ 0.01) increased surface Pgp expression ( Fig. 1D ). This finding is consistent with the increase in whole cell Pgp expression observed after a 24-h incubation under these glucose concentrations using Western blotting ( Fig. 1Bii ).
To assess functional Pgp activity under these conditions, Rh123 was used, as it is a well known substrate of Pgp that is a reliable indicator of Pgp substrate transport efficacy out of cells (54) . In this case it is well known that when cell surface Pgp expression is low, intracellular Rh123 retention is increased due to its reduced transport out of the cell (55) . In these studies the decrease in cell surface Pgp levels observed after a 2-h incubation with low or high glucose ( Fig. 1D ) was reflected under these conditions by a significant (p Ͻ 0.001-0.01) increase in the cellular retention of Rh123 (Fig. 1E ). In contrast, after a 24-h incubation the low and high glucose treatments led to significantly (p Ͻ 0.01-0.05) decreased cellular retention of Rh123 (Fig. 1E ). This finding is consistent with the increase in whole cell Pgp expression ( Fig. 1Bii ) and also the increase in cell surface Pgp (Fig. 1D ) observed after a 24-h incubation under these glucose concentrations, which led to increased Pgp transport activity ( Fig. 1E) .
Glucose Variation-induced Stress Increased Endocytosis of the Plasma Membrane-As described above, low or high glucose treatment rapidly increased the markers for early endosomes and lysosomes (Fig. 1C , i and ii), and this effect corresponded with a decrease in cell surface Pgp expression ( Fig. 1D ) and activity ( Fig. 1E ). Considering this, we next examined if these newly formed organelles were a result of endocytosis of the plasma membrane. To examine this, a classical marker for fluid-phase endocytosis, dextran uptake (56, 57) , and a marker for receptor-mediated endocytosis, holo-transferrin uptake (58), were assessed.
After incubating KBV1 (ϩPgp) cells for 2 h with transferrin during low (0 mM) or high (50 mM) glucose levels, there was no significant (p Ͼ 0.05) change in total intensity of internal transferrin staining (Fig. 2, Aii) . The punctate pattern of the transferrin staining indicates endosome formation (59, 60) . In addition to this, the uptake of transferrin was also measured by internalization of 125 I-transferrin. Similarly, after a 2-h treatment with low or high glucose, there was no significant (p Ͼ 0.05) change in the rate of uptake of transferrin over a 5-min time course (Fig. 2B ) between all glucose treatments. Notably, the initial transferrin uptake was found to be linear over 5 min, as has previously been shown (23, 61) . Collectively, our transferrin uptake studies indicate that glucose varia-tion-induced stress does not stimulate transferrin receptormediated endocytosis.
Next, Alexa Fluor 488-dextran, a fluorescent marker of fluid-phase endocytosis, was assessed. In contrast to transferrin uptake, a 2-h incubation with low and high glucose significantly (p Ͻ 0.001-0.05) increased total cellular dextran intensity (Fig.  2C ). Dextran staining also appeared granular, indicating the formation of endosomes and lysosomes (59) . Therefore, these results suggest that glucose variation-induced stress stimulates fluid-phase endocytosis of the plasma membrane.
Glucose Variation-induced Stress Causes an Increase in Association of Pgp with the Early Endosomal Marker, EEA1, in Intracellular Vesicles-As the levels of the marker for early endosomes (EEA1) is rapidly increased after a 2-h incubation with low or high glucose levels ( Fig. 1Ci ) and this effect corresponds with increased fluid-phase endocytosis-mediated uptake of Dextran, we next examined if these potentially newly formed early endosomes contained Pgp. To examine this, the co-localization between EEA1 and Pgp was assessed by fluorescent microscopy (Fig. 3 ).
After incubating KBV1 (ϩPgp) cells for 2 h at 37°C with low (0 mM) or high (50 mM) glucose levels, there was a pronounced and significant (p Ͻ 0.01) increase in total cellular EEA1 intensity relative to normal glucose (25 mM glucose; Fig. 3Aii ). The EEA1 staining appeared granular, which is consistent with that of the intracellular vesicles of early endosomes (62, 63) . This observation suggested a rapid increase in EEA1 expression, as described in Fig. 1Ci after a 2-h incubation. Moreover, these results are consistent with increased early endosome formation under glucose variation-induced stress. On the other hand, after a 2-h incubation, total cellular Pgp intensity did not markedly or significantly (p Ͼ 0.05) alter after glucose variationinduced stress relative to normal glucose (Fig. 3Aiii ). This observation was also consistent with total cell Pgp expression after a 2-h incubation under the same conditions ( Fig. 1Bii ). To assess Pgp co-localization with the EEA1 marker, studies were performed to quantify the amount of Pgp (green) and EEA1 marker (red) merging within a cell, resulting in yellow fluorescence ( Fig. 3Aiv ). It was demonstrated that there was a significant (p Ͻ 0.01-0.05) increase in Pgp associated with EEA1 under glucose variation-induced stress (low or high glucose) as denoted by the yellow staining ( Fig. 3Aiv ). This appeared to be present within intracellular vesicles ( Fig. 3Av ), consistent with early endosomes (62) . Notably, under all incubation conditions (0, 25, and 50 mM glucose), there was a high Mander's overlap co-efficient (R ϭ 0.87-0.94) between EEA1 (red) and Pgp (green; Fig. 3Avi ). Collectively, these results suggest that glucose variation-induced stress increases the formation of Pgp-bound within early endosomes.
These immunofluorescence studies above were also performed using the very low Pgp expressing counterpart of KBV1 (ϩPgp) cells, namely KB31 (ϪPgp) cells (21) , to assess the effect of glucose variation-induced stress on EEA1 in the absence of high Pgp expression. As observed for KBV1 cells, EEA1 intensity was significantly (p Ͻ 0.001-0.01) increased with low and high glucose relative to normal glucose (Fig. 3Bii) . In contrast, there was no Pgp detected under any incubation conditions in FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3801 KB31 (ϪPgp) cells ( Fig. 3Biii ) and, thus, no observed overlap with EEA1 ( Fig. 3B, iv-vi) .
Glucose Stress Re-localizes Pgp to Lysosomes Causing Resistance
Glucose Variation-induced Stress Caused an Increase in Association of Pgp with the Lysosomal Markers, LAMP2 and Cathepsin D, in Intracellular Vesicles-Considering that a certain proportion of early endosomes can mature into lysosomes (64), we next assessed if low or high glucose levels after a 2-h incubation could increase the number of lysosomes in the cell and if these lysosomes had Pgp (Fig. 4 ). As demonstrated with the EEA1 marker (Fig. 3Aii ), a significant (p Ͻ 0.01-0.05) increase in total cellular LAMP2 intensity occurred with glucose variation-induced stress (Fig. 4Aii) , whereas no change occurred in Pgp staining (Fig. 4Aiii ). The LAMP2 staining appeared granular and was consistent with intracellular vesicles, which are indicative of late endosomes or lysosomes (7, 65) . The observations demonstrating increased intracellular LAMP2 (Fig. 4Aii) are consistent with the total LAMP2 expression measured by Western analysis observed after a 2-h incubation under the same conditions (Fig. 1Cii) . It was demonstrated that there was a significant (p Ͻ 0.05) increase in co-localization of Pgp associated with LAMP2 under glucose variation-induced stress relative to normal glucose (Fig. 4Aiv ), and this Pgp appeared to be present within intracellular vesicles (Fig. 4Av) . Notably, under all incubation conditions (0, 25, and 50 mM glucose), there was a high Mander's overlap co-efficient (R ϭ 0.89 -0.97) between LAMP2 (red) and Pgp (green; Fig.  4Avi ).
As a relevant control, these immunofluorescence investigations were also performed using KB31 (ϪPgp) cells to assess the effect of glucose variation-induced stress on LAMP2 in the absence of high Pgp expression ( Fig. 4, B, i-vi) . As described for KBV1 cells, LAMP2 intensity was markedly and significantly (p Ͻ 0.01) increased with glucose variation-induced stress in KB31 cells (Fig. 4Bii) , whereas there was no Pgp detected in KB31 cells under any incubation conditions (Fig. 4Biii ). Thus, there was no overlap between Pgp and LAMP2 in KB31 cells (Fig. 4B, iv and v) .
As LAMP2 is also present on late endosomes (65) , and because this LAMP2 antibody can also detect both LAMP2a and LAMP2b, another marker for lysosomes, the lysosomal enzyme, cathepsin D (66), was used to validate lysosomal localization of Pgp (Fig. 5 ). To further support our findings of colocalization, these images were acquired using confocal microscopy. The arrows indicate areas of punctate staining suggesting co-localization between Pgp-and cathepsin D-stained lysosomes ( Fig. 5A ). As observed for both EEA1 and LAMP2 ( Figs. 3 and 4 ), there was a significant (p Ͻ 0.01) increase in cathepsin D intensity during low and high glucose concentrations compared with normal glucose in KBV1 cells (Fig.  5Aii ). This finding indicates an increase in the number of lysosomes. Again, there was no significant (p Ͼ 0.05) alteration in Pgp expression under this range of glucose concentrations ( Fig. 5Aiii) after only a 2-h incubation (Fig. 5Aiii ). This is in agreement with Fig. 1Bii .
As for EEA1 and LAMP2 ( Figs. 2 and 3) , it was demonstrated that there was also a significant (p Ͻ 0.01) increase in Pgp associated with cathepsin D under low and high glucose and that this appeared to be present within intracellular vesicles ( Fig. 5 , A, iv-v), consistent with lysosomes. Notably, under all incubation conditions (0, 25, and 50 mM glucose), there was a high Mander's overlap co-efficient (R ϭ 0.78 -0.93) between cathepsin D (red) and Pgp (green; Fig. 5Avi ).
Together, these results suggest that glucose variation-induced stress increases the formation of lysosomes expressing Pgp. Again, analogous control studies using KB31 cells that express very low Pgp levels also demonstrated a significant increase (p Ͻ 0.01) in the cathepsin D intensity with low and high glucose (Fig. 5Bii ) without any co-localization with Pgp ( Fig. 5, B , iv-vi). This was due to the extremely low levels of Pgp in KB31 cells (Fig. 5Biii) .
Glucose Variation-induced Stress Increased Accumulation of DOX in Lysosomes via the Active Lysosomal, Membrane-bound, Pgp Transporter-Considering that glucose variation-induced stress increased the formation of lysosomes containing Pgp ( Figs. 3 and 4) , we next examined if this lysosomal-bound Pgp was functional in terms of substrate transport. Immunofluorescence studies were performed with the classical Pgp-substrate and red fluorescent chemotherapeutic agent, DOX (7, 67). Dur-ing endocytosis, the topology of Pgp will be inverted, as shown for other membrane proteins (68) , leading to the transport of Pgp substrates into the lysosomal lumen (7, 12) . Therefore, if Pgp is active it will transport substrates such as DOX (69) into the lysosomes from the cytosol. To observe the subcellular localization of DOX (which itself is fluorescent), cells were co-stained for both lysosomes (LAMP2) and a major intracellular target of DOX, namely the nucleus (DAPI; Fig.  6, A and B) .
After incubating KBV1 (ϩPgp) cells with either low (0 mM) or high (50 mM) glucose, there was a significant (p Ͻ 0.001-0.01) increase in the intensity of DOX (Fig. 6Aii ) and LAMP2 (Fig. 6Aiii ) compared with the respective glucose controls (25 mM). Moreover, it was demonstrated that there was a significant (p Ͻ 0.001) increase in the co-localization of DOX associated with LAMP2 under low or high glucose (Fig. 6Aiv ). This co-localization appeared to be present within intracellular vesicles, namely LAMP2-stained lysosomes (see arrows; Fig. 6Av ). Notably, under all incubation conditions (0, 25, and 50 mM glucose), there was a high Mander's overlap co-efficient (R ϭ 0.86 -0.97) between DOX (red) and LAMP2 (green; Fig. 6Avi ).
These results indicate that DOX accumulation within lysosomes is increased during glucose variation-induced stress.
Notably, there was also some accumulation of DOX in the nucleus in KBV1 cells as indicated by the co-localization of DOX (red) and nuclear DAPI (blue), leading to purple nuclei in the overlap (Fig. 6A, iv and v) .
To identify the extent to which Pgp activity is required for increasing lysosomal accumulation of DOX during glucose variation-induced stress, KB31 (ϪPgp) cells were also assessed ( Fig. 6B) . In contrast to the increased intracellular DOX intensity during low and high glucose observed for KBV1 (ϩPgp) cells (Fig. 6Aii ), there was no significant (p Ͼ 0.05) difference observed in DOX intensity between all glucose treatments in KB31 (ϪPgp) cells (Fig. 6Bii ). However, notably, for all glucose treatments, the DOX intensity per cell was significantly (p Ͻ 0.01) higher in KB31 cells (Fig.  6Bii ) relative to the respective glucose treatment in the KBV1 cells (Fig. 6Aii ). This observation may be expected, as without Pgp, the efflux of DOX out of KB31 cells via plasma membrane-bound Pgp cannot occur (7) .
Similar to the results shown in Fig. 4Bii for LAMP2, glucose variation-induced stress resulted in a significant (p Ͻ 0.001) increase in the intensity of LAMP2 compared with normal glucose for KB31 cells (Fig. 6Biii ). This observation is consistent with an increase in lysosomal number. Contrary to the marked co-localization of DOX and LAMP2 that occurred in the KBV1 (ϩPgp) cells under glucose variationinduced stress (Fig. 6A , iv-vi), this did not occur in KB31 (ϪPgp) cells (Fig. 6B , iv-vi; Mander's overlap: R ϭ 0.08 -0.19; Fig. 6Bvi ).
Interestingly, assessment of DOX localization in KB31 (ϪPgp) cells indicated that it closely correlated with the nuclear DAPI staining (cf. Fig. 6 , Bi to Bii). In contrast, in KBV1 (ϩPgp) cells, DOX not only was present in the nuclei, but was also found in the cytoplasm, being closely correlated with lysosomal LAMP2 staining ( Fig. 6A, i-vi) . Hence, this observation was consistent with lysosomal-Pgp transporting DOX into this organelle in KBV1 FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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(ϩPgp) cells with some nuclear staining also, whereas in KB31 (ϪPgp) cells DOX localized to the nucleus only.
As the LAMP2 antibody can recognize two LAMP2 forms, including LAMP2a, which is involved in chaperone-mediated autophagy and is not a specific marker of generic lysosomes, the well established lysosomal marker, LysoTracker Green, was also used. In these studies, DOX was again seen to co-localize to LysoTracker Green-stained puncta, and this was greater in low and high glucose-treated cells (Fig. 7A) . In KB31 cells, DOX appears to be distributed throughout both the nucleus and the cytoplasm (Fig. 7B) . This is possibly a consequence of DOX competing with the Hoechst stain for the intercalation of DNA within the nucleus.
Collectively, the results from Fig. 6 and Fig. 7 indicate the glucose variation-induced stress response results in functional Pgp in the LAMP2 lysosomal compartment of KBV1 cells (ϩPgp) that can transport DOX into this organelle, whereas this effect was not observed for KB31 (ϪPgp) cells.
Glucose Variation-induced Stress Enhanced the Pgp-dependent Thiosemicarbazone-mediated Permeabilization of Lysosomal Membranes-The thiosemicarbazone, Dp44mT, has been shown to cause selective cellular toxicity to Pgp-expressing MDR cells. Briefly, this mechanism involves the active transport of Dp44mT by Pgp found on the lysosomal mem- FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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brane into the lysosomal lumen, where it will become protonated and trapped by the acidic pH (12, 13) . Once trapped, Dp44mT will bind intra-lysosomal copper and redox cycle to form ROS, which damage and permeabilize the lysosome membrane, leading to apoptotic cell death (12, 13) . Considering that glucose variation-induced stress was observed to increase the In these studies, the copper complexes of the thiosemicarbazones were used as they cause more rapid LMP than the ligand alone while still following the same mechanism of action as the ligands (12, 13) . Lysosomal integrity was assessed using a classical lysosomal marker, AO (13, 70, 71) . A decrease in AO red intensity is consistent with a loss of lysosomal integrity (13, 72) . For the purpose of demonstrating if LMP can be enhanced by the treatment conditions in these studies, concentrations of Cu[DpC] and Cu[Dp44mT] with cells were especially selected (namely 10 and 20 M, respectively) to ensure they were not FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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toxic under the control (25 mM) glucose conditions over a 30-min incubation (Fig. 8 ).
Low (0 mM) and high (50 mM) glucose treatments caused a significant (p Ͻ 0.01) increase in the intensity of AO red staining compared with normal (25 mM) glucose (Fig. 8Ai ) in KBV1 cells. This finding was consistent with the increase in lysosomal LAMP2 and cathepsin D staining ( Fig. 3Aii and 4Aii , respectively), and collectively this evidence is indicative of an increase in the total number of lysosomes. After 2 h of glucose variation-induced stress, Cu[Dp44mT] (20 M/30 Next, to examine the role of Pgp in Cu[Dp44mT] or Cu[DpC] transport into lysosomes that is required for LMP and subsequent cell death, the specific Pgp inhibitor, Ela (0.2 M), was utilized. The addition of Ela proportionally and significantly (p Ͻ 0.001) increased the AO red staining in all glucose treatments (Fig. 8Aii ). Considering that AO has been reported to be transported by Pgp (73) , the more intense overall AO staining in the presence of the Pgp inhibitor, Ela, may be explained by inhibition of AO efflux via Pgp. Ela markedly and significantly (p Ͻ 0.01) prevented the Cu[Dp44mT] or Cu[DpC]-induced lysosomal damage caused by low and high glucose conditions (cf. Fig. 8A, iii to iv) . Therefore, these results indicate that Ela inhibited Pgp-mediated transport of Cu[Dp44mT] or Cu [DpC] into lysosomes, which in turn prevents damage and permeabilization of the lysosomal membrane. FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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The AO staining of cells preincubated with low or high glucose and treated with Cu[DpC] was also significantly (p Ͻ 0.01) decreased relative to cells preincubated with normal glucose and treated with Cu[DpC] (Fig. 8Av) In all treatments cells were stained with DAPI (blue) (i), DOX (red) (ii), and LAMP2 (green) (iii). iv, the merge of all three stains (overlap); v, a magnified image of the overlap. The overlap between DOX and LAMP2 is indicated by Mander's overlap co-efficient, R. DAPI, DOX, and LAMP2 were quantified as fluorescence intensity/cell (vi). DOX was also quantified as intensity co-localizing with LAMP2 using ImageJ software. **, p Ͻ 0.01, and ***, p Ͻ 0.001 are relative to the respective 25 mM treated control glucose (e.g. 0 mM glucose KBV1 versus 25 mM glucose KBV1). ##, p Ͻ 0.01, and ###, p Ͻ 0.001 are relative to the respective glucose treatment (e.g. 0 mM glucose KBV1 versus 0 mM glucose KB31). The arrow indicates co-localization of DOX with LAMP2. Scale bar ϭ 10 m. control glucose cells (25 mM; Fig. 8Av ) compared with the respective control glucose treatment (25 mM; Fig. 8Ai ) under these conditions. Again, this lack of effect is because the concentration of Cu[DpC] (10 M) has been specifically chosen under these incubation conditions not to result in LMP. Incubation of cells with Ela (0.2 M) significantly (p Ͻ 0.01) prevented the Cu[DpC]-induced lysosomal damage at low and high glucose conditions (Fig. 8Avi ), there being no significant (p Ͼ 0.05) change in AO red staining compared with the Elaonly respective control (Fig. 8Aii) .
As a relevant control to KBV1 (ϩPgp) cells, these investigations were also performed using the very low Pgp expressing counterpart, namely KB31 cells (Fig. 8B) . This was done to assess if glucose variation-induced lysosome formation increases lysosomal damage (i.e. LMP) caused by Cu[Dp44mT] and Cu[DpC] irrespective of Pgp activity (Fig. 8B) . Even though FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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lysosomal formation was increased with glucose variation-induced stress in KB31 cells (Fig. 8Bi ), no lysosomal damage (i.e. LMP) was observed with Cu[Dp44mT] or Cu[DpC] under all conditions (Fig. 8B, ii and iii) . Collectively, these results (Fig. 8,  A and B) demonstrate that glucose variation-induced lysosome formation increases the lysosomal damage (i.e. LMP) caused by Cu[Dp44mT] and Cu [DpC] , and this effect is dependent on Pgp activity.
Glucose Variation-induced Stress Increased Pgp-mediated Resistance to DOX While Sensitizing MDR Cells to Thiosemicarbazones-The investigations above demonstrate for the first time that altering glucose levels to induce cellular stress results in both 1) the increased overall expression of Pgp (Fig.   1Bii ) and 2) the increased expression of endosomal and lysosomal markers (Fig. 1C, i and ii) and the formation of lysosomes ( Figs. 4 -7) with functional Pgp (Figs. 6 and 7) . Hence, it was next examined how these potential mechanisms of Pgp-mediated resistance affect the cellular toxicity of the chemotherapeutic agent and Pgp-substrate, DOX, under glucose-induced stress.
Initial studies examined the membrane Pgp levels and efflux function in a range of cell lines including the cervical carcinoma cell types KB31 (ϪPgp) and KBV1 (ϩPgp), breast cancer cell lines (MCF7 and MDA-MB-231), and the colon colorectal carcinoma cell line HCT-15 ( Fig. 9 ). As shown previously (7, 12), Western blotting (at 50 g of protein/lane) utilizing a mem-FIGURE 7. Glucose variation-induced stress increases DOX accumulation within LysoTrackerா green-stained lysosomes. KBV1 (ϩPgp) (A) and KB31 (ϪPgp) (B) cells were incubated for 2 h at 37°C with low (0 mM), normal (25 mM), or high (50 mM) glucose before and during 40 min at 37°C incubation with fluorescent DOX (100 M), Hoechst (10 M), and LysoTrackerா Green (75 nM). In all treatments cells were visualized for the nucleus (blue; Hoechst stain) (i), DOX (red) (ii), lysosomes (LysoTrackerா Green) (iii), and the merge of all three stains (overlap) (iv). Hoechst, DOX, and LysoTrackerா Green were quantified as fluorescence intensity/cell. DOX was also quantified as intensity overlapping with LysoTrackerா Green using ImageJ software. **, p Ͻ 0.01 is relative to the respective 25 mM treated control glucose (e.g. 0 mM glucose KBV1 versus 25 mM glucose KBV1). #, p Ͻ 0.05, ##, p Ͻ 0.01, and ###, p Ͻ 0.001 are relative to the respective glucose treatment (e.g. 0 mM glucose KBV1 versus 0 mM glucose KB31). The arrow indicates co-distribution of DOX with LysoTrackerா Green. Scale bar ϭ 10 m.
brane fraction from whole cells demonstrated that Pgp expression was only detected in KBV1 and HCT-15 cells, with the Pgp expression in HCT-15 cells being significantly (p Ͻ 0.001) less than that of KBV1 cells (Fig. 9A ). On the other hand, and in agreement with our previous studies (7, 12) , no Pgp expression in KB31 cells was observed using a protein load of 50 g/lane (Fig. 9A ) even when the protein loading was increased to 500 g/lane (21) . Furthermore, both MCF7 and MDA-MB-231 cells also showed no Pgp expression using protein loading of 50 g/lane (Fig. 9A ). However, using protein loading of 150 g/lane, Pgp expression was observed in these later cell types and was significantly (p Ͻ 0.05) higher in MDA-MB-231 cells than MCF7 cells (Fig. 9A) .
More sensitive flow cytometric detection of cell surface Pgp levels (Fig. 9B ) confirmed the general trend in Pgp levels observed using Western blotting (Fig. 9A) . However, the flow cytometric measurement also demonstrated the presence of very low but detectable levels of Pgp in KB31 cells (Fig. 9B) . The transport activity of this Pgp was confirmed in all cell lines by measuring retention of the Pgp-substrate, Rh123 (Fig. 9C ). Retention of Rh123 was marked in the cell types with the lowest Pgp levels (i.e. KB31 cells), as these cells cannot effectively transport this substrate out of the cell (Fig. 9C) . In contrast, Rh123 retention was lowest in cells that express high levels of Pgp (i.e. KBV1 and HCT-15; Fig. 9C ).
Next, cytotoxicity assays were performed to assess the effect of glucose variation-induced stress on the anti-tumor activity of the Pgp substrate, DOX (Fig. 10) . Cells were preincubated for 2 h at 37°C with low (0 mM) or high (50 mM) glucose, and these levels were maintained for the duration of the experiment. As deduced from our studies herein (Figs. 1-5), this protocol was performed to allow for pre-induction of endocytosis and lysosome formation and to initiate the up-regulation of Pgp expression. This preincubation was then followed by a 24-h incubation with Dp44mT or DpC. Due to the lower cytotoxic activity of DOX relative to Glucose Stress Re-localizes Pgp to Lysosomes Causing Resistance FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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Dp44mT or DpC and the very high Pgp expression in KBV1 cells (Fig. 9A ), DOX treatment of all cell types was conducted over a 72-h incubation period to allow an IC 50 value (i.e. the concentration required for 50% inhibition of cellular proliferation) to be calculated.
In KB31 cells (which express very low Pgp levels), low and high glucose treatment caused a significant (p Ͻ 0.05) increase in the IC 50 of DOX (i.e. the concentration required for 50% inhibition of cellular proliferation) compared with the control (25 mM) glucose levels (Fig. 10Ai ). The role of Pgp was assessed by the Pgp inhibitor, Ela, which significantly (p Ͻ 0.05) reduced the IC 50 of DOX at the low and high glucose treatment conditions to levels comparable with the control (i.e. 25 mM glucose; Fig. 10Ai ). These results are consistent with the ability of these very low Pgp-expressing KB31 cells to induce increased Pgp expression under glucose stress and the efficacy of Ela in inhibiting Pgp activity (21) . Importantly, incubation of KB31 cells with Ela under high and low glucose levels resulted in no significant (p Ͼ 0.05) difference in IC 50 relative to the glucose control (i.e. 25 mM glucose; Fig. 10Ai ). Hence, these results indicate the importance of increased Pgp expression in inhibiting DOX cytotoxicity in KB31 cells.
In KBV1 cells that possess high levels of Pgp expression and activity, low (0 mM) and high (50 mM) glucose treatments significantly (p Ͻ 0.001) increased the IC 50 of DOX compared with the control glucose (25 mM; Fig. 10Aii ). Moreover, Ela significantly (p Ͻ 0.001) reduced the DOX IC 50 for all glucose treatments in KBV1 cells to similar levels as observed in the non Pgp-expressing KB31 cells (cf. Fig. 10A, i to ii) . Notably, a significant (p Ͻ 0.001-0.05) increase in glucose stress-dependent DOX resistance was also observed in the MCF7, MDA-MB-231, and HCT-15 cell lines (Fig. 10A, iii-v) . Glucose variationinduced DOX resistance was also found to be dependent on Pgp in these cell lines, as Ela significantly (p Ͻ 0.001-0.05) sensitized these cells to DOX treatment under all glucose concentrations ( Fig. 10A, iii-v) . Collectively, these data indicate that glucose levels regulate sensitivity of cancer cells to DOX via the activity of Pgp. This was most pronounced in KBV1 cells that expressed the highest Pgp levels and activity followed by HCT-15, MDA-MB-231, MCF7, and then KB31 cells (Figs. 9, A-C, 10A, i-v).
The mechanism of Dp44mT in overcoming MDR has been attributed to Pgp-mediated lysosomal accumulation whereby copper binding and redox cycling are responsible for inducing LMP and cell death (13, 74) . Considering that glucose variationinduced stress increased lysosomal marker expression ( Fig.  1Cii ) and the formation of lysosomes with active Pgp (Figs.  4 -7) , we next assessed the anti-proliferative activity of Dp44mT and DpC after glucose variation treatment.
In clear contrast to the DOX results using KB31 cells (Fig.  10Ai ), low and high glucose treatment caused a slight, but significant (p Ͻ 0.05) decrease in the IC 50 of Dp44mT compared with the control (25 mM) glucose levels in KB31 cells (Fig. 10Bi ). This was reversible in the presence of Ela, which significantly (p Ͻ 0.05) increased the IC 50 of Dp44mT in the low and high glucose conditions to levels comparable with the control (Fig.  10Bi) . These results indicate that by increasing Pgp expression and lysosome formation, glucose variation-induced stress increases cell sensitivity to Dp44mT.
Furthermore, using KBV1 cells, low and high glucose treatments markedly and significantly (p Ͻ 0.001-0.01) increased the sensitivity of cells to Dp44mT compared with the control (25 mM) glucose (Fig. 10Bii) . Moreover, the effect of Pgp inhibition with Ela was significant (p Ͻ 0.001) for all glucose treatment conditions, reducing the toxicity of Dp44mTto similar levels as non-Pgp-expressing KB31 cells (Fig. 10B, i and ii) . A significant (p Ͻ 0.001-0.05) glucose concentration-dependent increase in Dp44mT toxicity was also observed in MCF7, MDA-MB-231, and HCT-15 cells (Fig. 10B, iii-v) . Furthermore, glucose-induced Dp44mT toxicity was also found to be dependent on Pgp expression in these cell lines, as Ela significantly (p Ͻ 0.001-0.05) increased resistance of these cells to Dp44mT (Fig. 10B, iii-v) . The thiosemicarbazone, DpC, showed similar results to Dp44mT in all cell lines (Fig. 10C , i-v) both in the presence or absence of Ela. The effects of glucose variation-induced stress on potentiating the activity of both Dp44mT and DpC were most pronounced in KBV1 cells that highly express Pgp, but could also be detected in MCF7, MDA-MB-231, and HCT-15 cells, which express lower Pgp levels ( Fig.  9 , A-C), and also in the KB31 cells that endogenously express only very low Pgp levels.
Collectively, these data indicate glucose-variation increases the sensitivity of cancer cells to Dp44mT and DpC via the activity of Pgp. This effect was most pronounced for KBV1 cells that expressed the highest levels of Pgp.
Discussion
Tumor cells exist in a stressful microenvironment where crucial nutrients such as glucose and oxygen are heterogeneous (12, 28, 29) . As a consequence of these stress stimuli, cancer cells are constantly adapting their metabolism to the tumor microenvironment (31) . Endocytosis pathways have been described to play an important role in the internalization of nutrients, signal transduction regulation, and modulation of plasma membrane composition (25) . Interestingly, stressors such as hydrogen peroxide have been shown to stimulate endocytosis (75, 76) . For the first time, this investigation demonstrates that glucose variation-induced stress affects drug resistance through a mechanism consistent with subcellular redistribution of drug-resistant Pgp pumps from the cell surface to the lysosomal membrane by endocytosis. It was demonstrated that as tumor cells become glucosedeprived or exposed to high glucose levels, there was an increase in expression of classical endosomal and lysosomal markers (i.e. EEA1 and LAMP2, respectively; Fig. 1C , i an ii) and also endosomes and lysosomes that co-localize with Pgp ( Figs. 3  and 4 ). Lysosomal membrane Pgp likely serves to locally protect cells against intracellular insult from chemotherapeutics (7, 12, 68) and endogenous toxins. The glucose-induced intracellular Pgp resistance mechanism can also be utilized to overcome MDR by thiosemicarbazones such as Dp44mT and DpC that can utilize Pgp in the lysosomal compartment to increase lysosomal damage (12) .
We previously demonstrated, under the same experimental conditions, that the generation of ROS by the mitochondria and NOX4 are important in up-regulating Pgp expression after glucose variation (21) . Interestingly, the observed increase in HIF-1␣ in cells incubated with control media suggest that a low level of stress may be caused by the change in media alone. Herein, we observed that glucose-induced stress resulted in increased lysosome formation using a number of well characterized markers of this organelle, including LAMP2, cathepsin D, LysoTracker Green, and AO (49, 50) . Indeed, we observed an increase in dextran uptake, a marker for fluid-phase endocytosis (56, 57, 59) . However, in marked contrast, the specific uptake of transferrin by receptor-mediated endocytosis was not affected, demonstrating a difference in the uptake mechanism. It is noteworthy that ROS have been shown to play a role in stimulating both fluid-phase (77) and receptor-mediated (22) endocytosis in a NOX-dependent manner.
As early endosomes are formed from the "budding off" from the plasma membrane into the cytoplasm of the cell (78) , this process results in a topological inversion of the membrane and, as such, proteins that face the extracellular side of the plasma membrane ultimately end up facing the inside of endosomes and lysosomes (7, 12, 68) . In Pgp-expressing cells, the lysosome markers, LAMP2 and cathepsin D, were shown to co-localize with Pgp, indicating that the Pgp is bound to the lysosomal membrane ( Figs. 4 and 5) . The Pgp was shown to be important for the accumulation of the chemotherapeutic agent and Pgp-substrate, DOX, inside the acidic organelle, as the very low Pgpexpressing KB31 cells demonstrated no lysosomal uptake and trapping of DOX, and this increased its targeting of the nucleus (Fig. 6, A and B) .
The increase in endosome and lysosome formation after glucose variation-induced stress led to even greater lysosomal DOX accumulation (Fig. 6A ). This was also found to be Pgp-dependent, as the non-P-gp expressing KB31 cells had no lysosomal DOX accumulation (Fig. 6B ). This increase in DOX trapping within lysosomes by glucose variation-induced stress translated into greater cell resistance to DOX (Fig. 10A ). This effect was again confirmed to be Pgp-dependent, as Pgp inhibition by Ela increased the cytotoxicity of DOX in four different cell-types with the response being greatest in cells expressing the highest Pgp levels (Fig. 10A) .
Interestingly, in contrast to DOX, the novel thiosemicarbazone, Dp44mT, has been demonstrated to be more potent and selective toward MDR-resistant tumors (11, 12) . This observation has been demonstrated to be due to sequestration of the Pgp substrate, Dp44mT, into lysosomes by the transport activity of lysosomal-Pgp, where it becomes trapped by protonation followed by the redox cycling of its copper complex which causes LMP and cell death (12, 13) . Herein, we demonstrate that by increasing cellular lysosomal content with functional Pgp via glucose-induced stress, disruption of lysosomal integrity is enhanced by Dp44mT and another thiosemicarbazone with similar structural properties, namely DpC ( Figs. 8 and 10 ). In fact, this effect is markedly enhanced in cells highly expressing Pgp e.g. KBV1 and HCT-15 cells (Fig. 10, B, ii and v, and C, ii and v).
These results also demonstrated that Pgp activity is necessary for the glucose-potentiated LMP activity of the thiosemicarbazones Dp44mT and DpC, as the Pgp inhibitor, Ela, prevented LMP during low and high glucose treatments. These results are consistent with studies that have shown that for thiosemicarbazones to have selective toxicity to Pgp-expressing cells, they are required to: 1) be taken up into lysosomes by Pgp, 2) become protonated within the acidic lysosomal environment, which prevents them from transversing lysosomal membranes, 3) bind to copper for metal redox cycling activity, and 4) generate ROS that permeabilizes the lysosomal membrane (12) (13) (14) .
The increase in LMP by thiosemicarbazones during glucose variation-induced stress translated into a significant increase in the sensitivity of Pgp-expressing cells to thiosemicarbazone treatment (Fig. 10, B and C) . This effect was found to be Pgp-dependent, as Ela markedly reduced cytotoxicity of both Dp44mT and DpC (Fig. 10, B and C) . Hence, these studies highlight the rapid formation of intracellular MDR within the tumor cell in response to a change in glucose levels. It is important to note that other cellular stressors, such as hypoxia, serum deprivation, and hydrogen peroxide, have also resulted in the same endocytic response with regard to Pgp and LAMP2 co-localization in endosome-like puncta (data not shown). Hence, the effect of glucose modulation demonstrated in the current investigation reflects a generalized stress response of the cell rather than an effect that is specific for glucose alteration alone. This increased endocytic response to stress that stimulates lysosomal biogenesis may promote cellular resistance to many classical chemotherapeutic agents, such as DOX (7) . In contrast, this mechanism increases Dp44mT and DpC activity, which utilizes lysosomal Pgp to induce LMP and tumor cell death (Fig. 8A) .
Considering the important intracellular degradative role of autophagy as an adaptive response to stress, the role of stressinduced autophagy would be interesting to further investigate within this system. However, as this is a very complex system, such analyses remained well beyond the scope of these studies. Interestingly, the link between glucose starvation and the promotion of autophagy remains controversial. Although some studies indicate that glucose limitation promotes autophagy, other more recent reports demonstrate that basal autophagic flux becomes inhibited (80, 81) . Moreover, studies that have examined the inhibition of autophagy indicate that it does not protect cells undergoing necrosis or apoptosis upon glucose deprivation (80, 81) . Therefore, although autophagy may have an important role in the degradation of intracellular particles during conditions of stress, it is likely that the endocytic process observed in these studies plays a more central role in delivering Pgp to lysosomal membranes rather than the autophagic apparatus. Moreover, the increased co-localization of Pgp with EEA1 observed in this study in response to glucose stress (see Fig. 3 ) further supports the lack of involvement of plasma membrane-dependent autophagosome formation in Pgp internalization into endosome-like vesicles.
In conclusion, this investigation for the first time demonstrates a mechanism of intracellular MDR that is enhanced after glucose-induced stress. In response to stress, cells rapidly form lysosomes by the budding of endosomes from the plasma membrane during endocytosis (Fig. 11, A and B) . A certain proportion of these endosomes mature into lysosomes containing Pgp that remains active and capable of transporting substrates. Herein, it was demonstrated that thiosemicarbazones can utilize their novel mechanism of utilizing lysosomes to target these newly formed lysosomes and cause enhanced toxicity to drugresistant cells exposed to stress, such as glucose variation (Fig.  11A) . In contrast, cells can utilize these newly formed lysosomes as drug safe houses by actively sequestering toxic agents, such as DOX, into the organelle lumen (Fig. 11B ). The crucial difference between DOX and the DpT thiosemicarbazones (i.e. Dp44mT and DpC) is that the latter bind copper within the lysosome to form potently redox active complexes which generate ROS that induces LMP, whereas DOX does not do this (7, 68) . Therefore, this novel mechanism involving Pgp transloca-tion from the plasma membrane to the lysosomal membrane in the stressful tumor micro-environment is an important consideration for cancer treatment and for new cytotoxic drug development strategies targeting the lysosomal compartment. 
